Dynamic regulation of cellular metabolism is important for maintaining homeostasis and can directly 17 influence immune cell function and differentiation including Natural Killer (NK) cell responses.
133
The relationship between the metabolic fitness and effector response in adaptive NK cells upon CD16 134 triggering in the cohort as a whole is reflected in the correlation between IFN- production and 135 maximal respiration (Fig. 1K) .
137
OXPHOS is required for NK cell IFN- production following CD16 crosslinking
138
To investigate the requirement of OXPHOS for receptor mediated activation of NK cells we tested the 139 ability of CD56dim NK cells to produce IFN- following anti-CD16 stimulation in the presence or 140 absence of oligomycin. Addition of oligomycin significantly impaired NK cell IFN- production in 141 response to CD16 triggering in the control group ( Fig. 2A, B) . However, this effect was less prominent 142 in CD56dim and NK cell subsets in HIV-1 infected individuals in keeping with an already suppressed 143 capacity to utilise mitochondrial OXPHOS (Fig. 2C, Fig. S2A, C, D, F) ). Of note the presence of 144 oligomycin did not affect NK cell survival at the concentration used during the 6 hour stimulation and 145 no decrease in the levels of CD16 expression with oligomycin were observed (data not shown).
146
Glycolytic inhibition by adding the inhibitor 2-DG in the assay abrogated IFN- production by NK cells 147 in both study groups ( Fig. 2A-C & Fig. S2A-F) . Inhibition of pyruvate transport into the mitochondria 148 with UK5099 had a more pronounced effect on IFN- production by CD56dim and adaptive NK cells in 149 HIV-1 infection as compared to HCMV+ controls ( Fig. 2A, C & Fig. S2D, F) . Inhibition of glutamine, an 150 alternative OXPHOS fuel, with BPTES had a significant effect in reducing IFN- from adaptive NK cells 151 4 in HIV-1 infection only (Fig. S2D,F) . Pre-treatment with etomoxir blocking fatty acid transport into the 152 mitochondria, had no obvious effect on IFN-γ production by CD16 activated NK cells in both the control 153 and HIV-1 infected group, suggesting that fatty acids are not utilised by NK cells under these 154 conditions. ( Fig. 2A-C) (Fig. S2A-F) . Together these data suggest that glucose is the primary fuel for 155 OXPHOS required for receptor stimulation by NK cells. However, in contrast to controls, in HIV-1 156 infection NK cells, and especially adaptive subpopulations, are less able to mobilise additional energy 157 resources to power OXPHOS.
159
Adaptive NK cells in HIV-1 infection display evidence of dysfunctional mitochondria
160
The decrease in SRC in NK cells from HIV-1 positive donors suggested a reduced ability of these cells 161 to produce energy in response to stress or increased work demands and prompted us to further 162 investigate the mitochondrial health of NK cells. In particular, greater SRC is shown to correspond to 163 enhanced mitochondrial fitness, a feature of adaptive NK cells and memory CD8 T cells (Cichocki et 164 al., 2018 ) (van der Windt et al., 2012 . We therefore utilised the ratiometric fluorescent dye JC-1 to 165 assess further the mitochondrial membrane potential (ΔΨm) of NK cells, which represents a key 166 readout of mitochondrial function. NK cells from HIV-1 infected donors displayed a lower ΔΨm 167 especially within adaptive subsets compared to NK cells from HIV-1 seronegative donors ( Fig. 3A,B) .
168
This is exemplified by lower red/green fluorescence intensity ratio of JC1, which does not depend on 169 mitochondrial shape, size or density, suggesting that mitochondrial dysfunction in NK cells, especially 170 of adaptive subpopulations which are enriched in HIV-1 positive donors, constitutes a rate limiting 171 step in their capacity to fuel their energy demands.
172
Mitochondria are dynamic organelles that configure their morphology and number to regulate their 173 function and distribution (Cogliati et al., 2016) . To interrogate further the relationship between 174 mitochondrial dysfunction and mitochondrial morphological changes we performed confocal 175 imaging. Isolated NK cells from three HCMV+ HIV-1 seronegative controls and three HIV-1/HCMV 176 seropositive donors with evidence of depolarised mitochondria were stained with MitoTracker Deep
177
Red, that accumulates in active mitochondria and enables localisation. Our results demonstrated that 178 despite no difference in the number of mitochondria ( Fig. 3C, D) , NK cells from HIV-1 infected 179 individuals exhibited mitochondrial structural differences adopting a change in their configuration 180 from a long tubular shape into shrunk small spherical shapes (Fig. 3C, E , F, G) and (S3 and S4 movies).
181
These data suggest that loss of ΔΨm in NK cells from HIV-1 infected individuals most likely triggers a 182 mitochondrial transformation and collapse of structural support mechanisms (Miyazono et al., 2018) .
183
Structural changes in the mitochondria have been related to bioenergetic insufficiency and increased 184 mitochondrial sphericity in T cells in the absence of co-stimulation (Klein Geltink et al., 2017) and could 185 also be a reflection of oxidative damage in the cell (Ahmad et al., 2013) . However, analysis of reactive 186 oxygen species (ROS) levels in NK cells from patients with chronic HIV-1 infection compared with those 187 of NK cells from HCMV+ HIV seronegative controls did not show a significant increase in the levels of 188 ROS in HIV-1 infection (data not shown). This could be due to a rescue mechanism, with adaptive NK 189 cells previously described to display elevated levels of BCL-2, which may be important in limiting 
191
The enhanced oxidative metabolism observed in adaptive NK cells from HCMV+ HIV-1 seronegative 192 donors has been reported to depend partly on increased expression of ARID5B and induction of genes 193 encoding components of the ETC, including UQCRB, the ETC complex III gene (Cichocki et al., 2018) .
194
To determine whether there were any differences in the expression of ARID5B in isolated NK cells 195 from HCMV+ controls and HIV-1 infected individuals we performed quantitative RT-PCR (qRT-PCR).
196
We confirmed increased levels of ARID5B expression in NK cells from HIV-1 infected donors, in keeping 197 with greater expansions of adaptive NK cells in HIV-1 infection, relative to controls ( Fig. S5A) . Our 198 findings therefore suggest that mitochondrial structural disorganisation rather than decreased 199 expression of ARID5B could be potentially affecting the performance of the ETC and metabolic 200 adaptation of NK cells in HIV-1 infection.
202
Treatment with IL-15 compensates for the metabolic defects of NK cells in HIV-1 infection 203 IL-15 plays a vital role in NK cell survival and differentiation and in priming NK cells for enhanced 204 effector function in vivo (Cooper et al., 2002) . We therefore investigated whether IL-15 priming in 205 vitro could improve NK cell responses to stimulation via CD16 by circumventing the metabolic 206 requirements for efficient receptor mediated activation in HIV-1 seropositive donors. Pre-treatment 207 with IL-15 for 48-72 hours followed by anti-CD16 stimulation led to a striking increase in IFN- 208 production by total CD56dim NK cells ( Fig. 4A) but also canonical and adaptive subsets ( Fig. S6A-D) .
209
Inhibition of OXPHOS with oligomycin in primed NK cells did not affect IFN- production in response 210 to receptor stimulation while a small difference in the presence of 2-DG persisted (Fig. 4A, B) .
211
IL-15 is known to stimulate multifaceted metabolic activities during maturation of NK cells via the 212 mammalian target of rapamycin complex 1 (mTORC1), a key regulator of cellular metabolism (Marcais 
218
To further evaluate the metabolic effects of IL-15 pre-treatment in the presence or absence of anti-
219
CD16 stimulation in isolated NK cells from HIV-1 infected patients we performed extracellular flux 220 assays to directly analyse metabolic responses. NK cells treated with IL-15 displayed a higher basal 221 ECAR especially in the presence of CD16 coated beads relative to resting NK cells ( Fig. 4E) . No 222 significant increase in the cellular respiratory function as measured by OCR was observed either with 223 IL-15 pre-treatment alone or with CD16 stimulation (Fig. 4F) . A decreased dependence on OXPHOS 224 was observed in IL-15-treated NK cells especially in the presence of CD16 triggering as evidenced by 225 the decreased ratio of OCR:ECAR compared to basal levels (Fig. 4G) . These findings indicate that IL-15 226 increased NK cell metabolism, specifically glycolysis, by-passing the "OXPHOS requirement" for 227 receptor stimulated IFN- production.
229

Discussion
230
Burgeoning evidence indicates that metabolic plasticity is important for fine tuning immune cell 231 function. Whereas most studies have focused on T cell metabolism during human chronic viral 232 infections, much less is known about the metabolic lifestyle of NK cells in this setting. In this study 233 we assessed for the first time the metabolic profile of NK cell subsets and requirements for production 234 of IFN- following receptor stimulation, via CD16 crosslinking, during chronic HIV-1 infection. Our 
265
Metabolic inflexibility has been recently described to underline dysfunctional HIV-specific CD8 T cells 266 (Angin, 2019) . In particular, the polyfunctionality of CD8 T cells from spontaneous HIV-1 controllers 267 was more reliant on mitochondrial function rather than glycolysis and differences in glucose 268 dependency described in SIV-specific CD8 T cells have been found to correlate with their capacity to 269 supress SIV infection. We therefore reasoned that the observed inability of NK cells to utilise OXPHOS 
300
Upregulation of inhibitory molecules on NK cells could also serve as a pathway supressing their 7 metabolic fitness. Recently chronic stimulation of adaptive NKG2C+ NK cells in vitro led to a marked 302 induction of checkpoint inhibitory receptors PD-1 and lymphocyte activation gene-3 (LAG-3) sharing 303 epigenetically driven programmes with exhausted CD8 T cells (Merino et al., 2019) . Moreover, a role 304 for LAG-3 in regulating CD4 T cell metabolism and mitochondrial biogenesis has been identified 305 (Previte et al., 2019) . We have previously reported a modest increase in the levels of PD-1 expression 306 on NK cells in HIV-1 infection (Peppa et al., 2018) , however, the role of inhibitory receptors in 307 controlling NK cell metabolism remains to be further defined.
308
Pre-treatment of NK cells with IL-15 alleviated the need for OXPHOS for CD16 receptor stimulated IFN-309  production extending observations from murine models (Keppel et al., 2015) . Our results implicate 310 IL-15 increased mTORC1 activity, an important regulator of NK cell metabolism, in upregulating 311 glycolysis. The remaining dependence on glucose could reflect an overall NK cell increased 312 dependency to glycolysis or a switch to a post-transcriptional regulatory mechanism for IFN- 313 production as described for T cells (Chang et al., 2013) . Notably, the effects of IL-15 priming on NK cell HIV-1 seronegative donors (mean age=36.9, range=26-49) with sizeable adaptive NK cell responses 345 (>10%) were used for comparison ( Fig. S1) , from whom blood was taken and cryopreserved for later 
